Abstract Wildfowl (Anatidae) are a diverse group of birds and globally distributed. These birds feed by widely varying methods, there are generalist and specialist species. In a number of vertebrate taxa trophic specializations have led to distinct differences in the morphology of the skull, like in birds. Our knowledge and understanding of the relationship between cranial morphology and feeding mechanism of wildfowl are limited. The aim of this article is to increase our knowledge of the relationship between skull shape and foraging habits and find the identifiable attributes of the differently adapted groups. We used morphometric methods with 7 linear measurements of the skull. We used principal component (PC) analysis to identify the groups with different foraging habits. The PCs were related to measurements which represent the demanded muscle mass for feeding and the amount of capable food items. The grazers have a narrower bill and bigger bone surface which requires more muscle tissue than the broad billed filter-feeders. We observed the structural and functional differences between grazers and filter-feeders. There are no important differences in the bill measurements between omnivore dabbling and diving ducks. Only the bill is not enough to deduce the foraging habits.
Introduction
Foraging performance and cranial morphology are functionally linked. In a number of vertebrate taxa, trophic specializations have led to distinct differences in the morphology of the skull (Courant et al. 1997 , Pérez-Barbería & Gordon 1999 , Van Cakenberghe et al. 2002 including wildfowl (Anatidae) too (Kurk 2008) .
The family contains around 55-60 genera with 150 species (Kear 2005) , but other studies mentioned different numbers (Johnsgard 1978 , Livezey 1986 . While the status of the family is clear the subfamilies and the relationship of the different tribes and species are disputed and poorly understood (Livezey 1997 , Donne-Goussé et al. 2002 . Probably a bigger sample size would increase the power of the new phylogenetic studies (Stidham & Hilton 2015 , Wang et al. 2016 . The fact that some of the species have the ability to produce fertile hybrids made the taxonomic studies more difficult (McGuire et al. 2007) .
Anatid species show a wide variety of diet types ranging from specialization on terrestrial or aquatic vegetation, tubers, invertebrates and fish to extreme generalization (Johnsgard 1978 (Johnsgard , 2010 . Ecomorphological studies provide insight in the adaptive significance of interspecific differences in morphology (Nudds & Bowbly 1984 , Nudds & Kaminski 1984 . Feeding in different environments on different types of food is associated with differences in feeding mechanism and linked to differences in morphology. Hence, the interspecific differences in skull and bill morphology reflect interspecific differences in feeding ecology (Kehoe & Thomas 1987) . Species of Anatidae differ in the functional anatomy of their feeding apparatus due to the different food and enviroment requirements (Nudds & Bowbly 1984 , Werner 1984 , Moermond 1986 , Wainwright 1996 . Aquatic and terrestrial feeding demand different bill structure but not only the bill morphology may be related to resource use. The jaw muscle size is also associated with resource use (Kooloos et al. 1989 , Kurk 2008 . The anatids exhibit a great variation in bill morphology so they are often considered an example of adaptive radiation (Owen & Black 1990 ). The bill is moderately long, mostly flattened, blunt-tipped, and covered by a thin layer of skin. It bears a nail at the tip of the maxilla and fine lamellae along the margins of the maxilla and mandible. The bill can be highly specialized (e.g. mergansers and shovelers) or lesser specialized (e.g. scoters) (Cramp 1978 , Johnsgard 2010 . The wildfowl species mostly differ in body size and bill morphology (Pöysä et al. 1994) . The different attributes of the bill can show more of the ecology, evolutionary history, functional anatomy and the jaw mechanism of these birds. Unfortunately, despite numerous studies and the enormous data with regards to the feeding ecology of anatids, our knowledge about the potential relationships between cranial morphology and feeding mechanism is very limited.
Our objective in this study was to determine the differences in skull morphology and to find the potential relationships between skull morphology and feeding habit.
Materials and methods
This study is based on 269 skulls of 103 species. The specimens belong to the collection of Eötvös Loránd University (Budapest, Hungary), the collection of the Hungarian Natural History Museum and the digital archive of Wageningen University (Wageningen, Netherlands).
Eight skull measurements were taken from the skulls. The distance of the maxilla and premaxilla (PRMM), the distance of the maxilla and the quadratum (MQD), the maximum height of the maxilla (MMAX), the maximum width of the premaxilla (PRMW), the maximum height of the occipital region (the distance of the ventral edge of the foramen magnum occipitale and the ventral point of the sagittal crest) (CONSAG),on the mandible the highest point of the coronoid process (CORPR), the distance of the highest point of the coronoid process and central point of the joint of the jaws (glenoid) (CGD), and the distance of the left and right paroccipital processes (PAROCD) (Figure 1 ). The measurements are from adult and subadult specimens. We had specimens of both sexes from three species. Skull morphology did not differ between sexes, therefore we did not analyse the effect of sex.
We separated the species into six groups to according to diet composition. Each group was created following other studies (Cramp 1978 , Kear 2005 , Johnsgard 2010 , Baldassare et al. 2014 : terrestrial plant eaters, omnivore dabbling ducks, omnivore diving ducks, fish eaters, aquatic plant eaters, filter-feeders.
We collected body mass data of the species from Dunning (1992) . If the sex of a given specimen was known, we used the corresponding mass data. In other cases we used male mass data. For the analyses we couldn't use the domestic forms of ducks and geese, because the reason of the huge differences between the breeds is not the natural but the human selection. Accordingly to this, many osteological and craniological changes resulted only from the domestication (Guay & Iwaniuk 2008) . We tested the normality of the frequency distributions of the variables and the model residuals using Kolmogorov-Smirnov tests. Body mass and morphological variables differed significantly from normal distribution. We (-1 x 1/square root (x+100)) transformed body mass data to fit normal distribution. In different subsets of the specimens we investigated the repeatabilities of the measurements by Spearman's correlation: we tested repeatability of digital measures performed on skull photos (n=20), manual measures on skulls (n=20). Additionally we tested repeatability between digital and manual measures (n=20) (all P<0.0001, all r>0.989) . For subsequent analyses we used data of the first measurements. In the next step, we divided each morphological parameter of every skull by the given PAROCD to standardize the variables for skull size. We conducted principal component analyses (PCA) on these morphological variables. We took PCA for two reasons: we wanted dimension reduction of variables, and we wanted to create composite but independent variables from each other because the original morphological variables highly correlated to each other (results not shown here). We rotated the principal component (PC) axes using the varimax algorithm in order to strengthen the interpretability of the patterns of PC loadings. This method preserves the orthogonality of the PC axes. Based on the Kaiser criterion, for the subsequent analyses we used only PCs with eigenvalues greater than one. We took into consideration a loading, if its value was larger than 0.52 according to the formula described in Norman and Steiner (2008) . We used general linear mixed models in PROC MIXED of SAS version 9.1 (SAS Institute Inc., Cary, North Carolina, USA) to reveal if morphological PCs associated to different feeding groups. In this model one PC was the dependent variable, feeding group was the categorical predictor and body mass was the continuous co-variable. Furthermore species was used as random factor. We used the latter two variables controlling for species relatedness and body size. We applied backward stepwise model selection (Hegyi & Laczi 2015) . Degrees of freedom in the mixed models were estimated using the Satterthwaite option, furthermore to make pairwaise comparisons of different groups we used CONTRAST statement. All other analyses were performed in Statistica 8.0 (StatSoft Inc., Thulsa, Oklahoma, USA).
Results
Our measures were highly significant irrespective of measuring mode (all r > 0.98, all P < 0.00001). The PCA resulted three PCs which explained 75.98% of inter-individual total variance (Table 1 ). The first skull PC (PC1) loaded positively with MMAX, CONSAG and COR-PR, PC2 related positively to PRMM and PRMW, while PC3 loaded positively with MQD and CGD. This means that a specimen with higher PC score had higher values of the respective skull variable. Species, feeding type and feeding had significant effects on all PCs, while body mass related to PC1 and PC3 only (Table 2) . Post-hoc tests showed that in the case of PC1 group 4 differed from all of the other groups, and group 1 and group 3 differed from each other (Figure 2 ). With respect to PC2, each group showed differences from each other except group (Figure 3 ). In the case of PC3 group 3 differed from all other groups, and group 4 also differed from all the others except group 6 (Figure 4 ). For detailed results see Table 3 .
Discussion
The cranial kineses is the significant movement of neurocranium and viscerocranium to each other in addition to movement at the joint between upper and lower jaw. Most of the vertebrates have a kinetic skull. Cranial kinesis is usually linked to feeding and foraging. Animals with high bite force have usually akinetic skulls like crocodilians (Crocodilia) and turtles (Testudines) (Iordansky 1989) . The mammals have akinetic skulls too (except the hares (Leporidae)) compared with some lizards (Lacertilia) and snakes (Serpentes) which have highly kinetic skulls (Kardong 1995 Table 2 . Effects of species, body mass and feeding group on skull morphlogy PCs 2. táblázat A fajok, a testtömeg és a kijelölt táplálkozá-si csoportok hatásai a koponyamorfológia főkomponenseire avian skull and proposed a model for a prokinetic skull in connection to mandibular kinetics. The birds show a great variety of cranial kinetic hinges (Zusi 1984 , Zweers 1999 . The simplest form of kinetic movement is prokinesis, where the upper beak moves at the point where it's hinged with the neurocranium. Several different types of cranial kinesis are present within modern birds (Neognathae). The amphikinesis provides an unusual movement for the bill with protraction and retraction (e.g.: rails and shorebirds (Rallidae). The rhynchokinesis is a more complex form than prokinesis and subdivided into other different types. Rynchokinesis was observed in cranes (Gruidae), shorebirds (e.g. Scolopacidae), swifts (Apodidae), hummingbrids (Trochillidae) and some primitive birds (Paleognathae) like the Emu (Dromaius novaehollandiae) and the Ostrich (Struthio camelus). There are birds with akinetic skulls (e.g. toucans (Ramphastidae) (Zusi 1984) . The cooperative tissues like the elements of the cranial musculoskeletal system (muscles, joints and ligaments) are the indicators of different kinesis forms (Metzger 2002 ). Darwin's finches (Geospizinae) of the Galápagos Islands, Ecuador, are one of the most studied birds because these birds have evolved an impressive array of specializations in beak form and function (Bowman 1961) . In anatids as well the cranial and bill characters are related to bite force and the reaction forces in the joints with the upper bill (Herrel et al. 1995) . It is uncertain if the ligaments and the quadrate bone are responsible for the mobility. The movement of the quadrate bone is too fast and complex and really difficult to measure and determine the movement of the bone (Dawson et al. 2011) . Anatids grebes (Podicipedidae) and flamingos (Phoenicopteridae) differ in foraging methods but their tongues play a very important role during feeding in water (Zweers et al. 1995) . The different foraging methods and kinesis types are well known but it is still a mystery how these cranial movements evolved (Hanken & Hall 1993 ). Kooloos et al. (1989) and Kooloos and Zweers (1991) analysed performance gradients of filter feeding in several anatid species, such as the Mallard (Anas platyrhynchos), the Shoveler (Anas clypeata) and the Tufted Duck (Aythya fuligula). They found that the gapes and amplitudes of bill rotations are positively correlated with the size of the seeds during filter feeding (Zweers 1999) . The interspecific differences of the bill, such as the density of the lamellae, reflect the difference in diet composition and the different size of the food items (Mott 1994) . There may be a positive correlation between the lamella density and the size of the food items (Guillemain et al. 2002) but other studies disagree (Nummi & Väänänen 2001) or show that the size and the morphology of the bill are more important (Lagerquist & Ankney 1989 , Pöysä 1983a . It might be that these differences are connected with the different requirements of the enviroment or other resource using habits and methods (Werner 1984 , Moermond 1986 , Wainwright 1996 . More specified studies demand more morphological characters which are more informative and reflect to the foraging habits (e.g. the neck length) (Pöysä 1983b) .
In our analysis the PC1 showed strong relationships with variables which are in connection with muscles involved in food intake and bite performance. Based on the PC1 axis we found differences between the following feeding groups: terrestrial plant eaters or grazers and the aquatic plant eaters, fish eaters, and filter feeders. The terrestrial plant eaters and the aquatic plant eaters had the highest PC1 values but the fish eaters and the filter feeders had the lowest PC1 values. This means that the fish eater filter feeder species have smaller and weaker pterygoid and adductor muscles. The herbivore species have massive skull with large quadrato-mandibular surface in order to maximize the effectiveness of jaw closure muscles, which is necessary for grazing. The relative length of the occipital region is in positive correlation with bite performance (Herrel et al. 2001 , Van Cakenberghe et al. 2002 , Stayton 2005 . The filter feeders do not need strong neck and jaw muscles (Zusi 1963) .
The PC2 values positively loaded with those morphological characters which are in connection with the amount of capable food. Species with narrower beak are feeding on terrestrial plants and grass and the fish eaters with low PC2 values. The geese are picking, the mergansers are catching their prey, but the shovelers are filtering millions of plankto nic organisms with their highly specialized bill. The other groups took intermediate position.
Through the example of the grazers the observation is true which means that the strong and narrow, tapered beak is in positive correlation with bite performance (Van der Meij & Bout 2004 , Herrel et al. 2005 .
The PC3 showed strong relationship with those morphological characters which are related to the elongation of the skull. The grazers and the omnivore dabbling ducks have a relative short and high skull compared to the fish eaters and filter feeders which have long and very gracile skull. Compare with the PC1 values, the groups with higher PC3 values have generally weaker jaw and jaw muscles. In the case of mergansers, not only the food but the hydrodynamic demands and the drag forces affect the cranial morphology (Harrison 1957) . In species that have to detach shellfish or hold a twisting and squirming fish one might expect relatively large adductor muscles (Kear 2005) . The analysis suggested that the species with higher PC3 values (fish eaters, aquatic plant eaters and filter feeders) are feeding underwater. Due to the large resisting forces these species should have stronger jaw opener muscles. But this speculation should be irrelevant because many grazer species (e.g. Greylag Goose) tend to have large jaw opener muscles because these birds are not only feeding on the aerial parts of the plants but also on the underground parts. During grabbing the bill pushes against the mud, which needs larger force (Gauthier et al. 1984) .
The structural and functional differences are only demonstrable between grazers and filter feeders (Kurk 2008) . The condylus occipitalis is caudally directed in grazers and ventrally directed in filter feeders. The grazer's pterygoid bone is longer and the palatine bone is shorter compare to the filter feeders (Marugán-Lobón & Buscalioni 2006) . The birds with a ventrally directed beak have bigger and stronger jaw closure muscles compared to birds with an orthogonally directed beak (Van der Meij & Bout 2004) .
Grazing has evolved several times within the anatids. The species with similar morphology and diet but different phylogenetic background represent an example for convergent evolution (Kear 2005 , Wang et al. 2016 . In some cases the similarities in the skull shape refl ect the phylogenetic connection. In this study we did not investigate the effect of phylogeny and the similarities due to phylogeny. In further analyses the phylogenetic control would be necessary.
